INTRODUCTION
A review of the electrochemical literature for carbon black corrosion together with the results for uncatalyzed acetylene black and the effect of Co 3 o 4 catalyzation was presented in Part I of this work (1) . Three major anodic processes were found to occur in uncatalyzed carbon black electrodes at 450-600 mV vs. Hg/HgO in concentrated KOH: carbon dissolution to carbonate ion, gasification of the carbon to carbon monoxide, and oxygen evolution. Due to different potential and temperature dependence of these three processes, the current efficiency for oxygen evolution is very small below 500 mV and 50°C (13% at 480 mV and 45°C) so that the total anodic current is essentially the corrosion current. Above ca. 600 mV or above 60°C at any potential above 450 mV, oxygen evolution is the dominant anodic process {80% current efficiency at 600 mV and 45°C). Catalyzation of the carbon with co 3 o 4 increased both the oxygen current efficiency and the rate of the corrosion processes severalfold.
Furthermore, the presence of cobalt oxide produced organic molecules (ca. 5% current efficiency) at conditions where none were found for uncatalyzed carbon black.
In this work, five different metal oxide catalysts on acetylene black were investigated with regard to their corrosion behavior. 14 c labeling was not used in this study, as the large amount of labeled carbon required for the investigation of this many metal oxide catalysts would have been very costly.
The advantage of 14 c labeling is that it provides the most accurate quantitative analysis of the corrosion product distribution. Our interest in this study was to determine the effect of different metal oxides on the total anodic current and on the total corrosion current, and not on the product distribution. Quantitative mass spectrometer analysis of the gas evolved was used to determine current efficiencies for oxygen evolution and gasification of the carbon to carbon monoxide. Because of some experimental improvements after Part I of this work and in order to compare the results directly, the Co 3 o 4 was included again among the other catalystss NiO, Fe 2 o 3 , Cr 2 o 3 and metallic ruthenium.
EXPERIMENTAL
Catalyzation and Electrode Preparation-The principles of the catalyzation procedure, the particular electrochemical cell for the corrosion measurements and the quantitative analysis of the evolved gas during oxygen evolution were described previously (1 ), so we report here only the changes. Except for ruthenium, the metal content was prepared at a 20 weight percent (w/o) level assuming Co 3 o 4 , NiO, cr 2 o 3 and Fe 2 o 3 as final form using the impregnation procedure. The impregnated acetylene black were air dried at 320°C for 24 h, and the conversion of the metal hydroxides to the above oxide phases during this process were confirmed by x-ray diffraction analysis.
Known from earlier experience, the Ru(OH) 3 impregnated carbon black (precipitation from dissolved RuC1 3 · H 2 0 with NH 4 DH 1 ) is chemically too active . . x-ray diffraction analysis. In this case, the conversion to some ruthenium oxide and/or hydroxide phase occurred during the electrochemical "aging period" at 400 mV vs. Hg/HgO, when also soluble Ruo 4 2 -ions were produced (see below).
A paste mixed from 40 mg catalyzed black and 12 mg PTFE solids (in duPont TFE-308 dispersion) was applied to a gold-plat~d tantalum mesh and air dried at ca. 60°C for 24 h. The loading of catalyzed carbon black in each tested working electrode was 10 mg/cm 2 •. All corrosion experiments were done in pure 30 w/o KOH {Mallinckrodt, AR) at a temperature of 55°C. The reference electrode was Hg/HgO, so all potentials in this paper are given vs. Hg/HgO in the same electrolyte at room temperature.
Gas Analysis-A UTI model lOOC quadrupole mass spectrometer was used for the quantitative determinations of the composition of the sampled gas (argon as dilutent gas and oxygen and carbon monoxide evolved from the electrode). It was equipped with a special thoria-coated iridium filament which has very low oxygen consumption and carbon monoxide production. The mass spectrometer was run by an IBM PC-XT with software developed for the purpose of these investigations. The calibration procedure using definite oxygen evolution from a nickel Exmet electrode as well as calibrated mixtures of oxygen and carbon monoxide {Matheson) was the same as that described in Part I. In order to keep the background signal at AMU 28 (carbon monoxide) very low, mass analyses were done with the lowest possible filament emission current of 0.2 mA at a pressure 4 of 10-7 torr. Nonetheless, some background subtraction was necessary and was included in the calculation of the absolute partial pressure in the case of carbon monoxide.
RESULTS
Structure of Oxide Impregnated Carbon-The physical structure of the oxide impregnated acetylene black, and differences in structure between the different oxides, were investigated by x..:ray diffraction (XRD) and transmission electron microscopy (TEM). XRD analysis indicated the oxides were single phase and crystalline; in the case of Ru catalyzed carbon, the XRD pattern for the hydrogen reduced state was identical to the standard pattern for metallic Ru.
Line-broadening analysis using the Scherrer equation indicated significant differences in average crystallite size between the various catalysts.
Qualitatively, the line-broadening analysis indicated the ordering of Two results are striking with respect to the current efficiencies. (i) Except for 600 mV, the 0 2 current efficiency is ca. 5-10% higher and the CO current efficiency is ca. 5-10% lower for the NiO catalyzed electrode compared to the Co 3 o 4 • The rate of carbon dissolution to carbonate is therefore in both cases equal and the o 2 evolution rate is increased only at the expense of the CO production with NiO as electrocatalyst.
(ii) For both catalysts, a large increase of the 0 2 current efficiencies takes place between 550 mV and 600 mV. The total anodic currents and the partial currents due to the different anodic processes are shown in Fig. 3 . Comparison of the partial currents for oxygen evolution i 02 with the total corrosion currents icorr reveals three distinct situations. In case of the Fe 2 o 3 catalyzed black, icorr is always greater than ; 02 and is about 60% of the total current. For the Ru doped electrode the oxygen evolution rate was slightly greater than the corrosion rate, even at the lowest potential at 450 mV. The Cr 2 o 3 as catalyst shows behavior similar to NiO and Co 3 o 4 , i.e. the Tafel slope for ; 02 is much steeper than for icorr and the oxygen evolution prevails therefore only at potentials higher than 500 mV. The current effic.iencies for oxygen listed in Table 2 reflect these different corrosion characteristics directly. They are constant as that reported in Part I using C doped acetylene black and the C detection method for weight loss measurement. Overall, NiO appears to have the best catalytic properties, with the highest absolute rate of oxygen evolution catalysis in combination with relatively low carbon corrosion catalysis.
However, for practical purposes, the acetylene black corrosion rate, even with NiO catalyst, is at least an order of magnitude too high for practical use in a bifunctional air electrode.
In Part I, we postulated that the mechanism of catalyzation of the carbon corrosion reaction may involve a redox sequence involving cobalt species in solution within the pores of the electrode matrix. Figure 6 shows schematically what we postulated this mechanism to be, using Co(II)/Co(III) as an example. Using the 14 c tracer method, we were able to show previously that the Co 3 o 4 particles did not have to be in physical contact with the carbon particles to catalyze the corrosion of the carbon. Solvated Co(II)/Co(III) species can act as a shuttle of charge (and current) between oxide particles and carbon particles. Because the oxide phase has a relatively high resistivity compared to the acetylene black, within the electrode structure the surface of oxide particles can be at a higher potential than carbon particles 10-100 nm away, creating an internal potential gradient which drives the redox shuttle. In effect, the carbon surface experiences the higher potential of the 11 nearby oxide particles due to this ionic coupling, thus corroding at a higher rate than in the absence of the oxide phase.
It is difficult to rationalize the catalytic effect of the iron and chromium oxides even though these catalysts clearly produced more solvated ions ~ than the cobalt catalyst, and the catalytic effect with these oxides was approximately three times higher. A catalytic effect of solvated iron species on graphite oxidation in acid has been noted before (2) , and was postulated to arise from a redox mechanism. The difficulty here in applying a redox mechanism for Fe(II)/Fe(III) redox is the potential region in which the effect is observed, which is a few hundred millivolts above (anodic) the limits of predominance for Fe(III), i.e. there is little driving force for the formation of Fe(II) species at these potentials. One would be forced to invoke Fe(III)
as the reduced state in the redox shuttle, and invoke the formation of higher valent iron states, e.g. Feo 4 2 -ferrate ion, whose existance is uncertain {3).
The situation for chromium is even more problematic. In this case, the applicable redox couple would be Cr(VI)/Cr(III), but the reduction potential for Cr(VI) lies well below the oxygen evolution potential in alkali medium (4).
It is difficult, therefore, to account for the catalytic action of those oxides on carbon corrosion via a redox mechanism, and viable alternative mechanisms are not clearly available.
The dramatic decrease in the rate of carbon corrosion above 550 mV in the case of NiO and Co 3 o 4 catalyzed acetylene black has important technological consequences for bifunctional air electrodes. One explanation of this effect follows the conventional wisdom of gas evolution from porous materials (see, for example, the review by Hall (5) and references therein). Above a certain critical rate of gas evolution from the interior wetted surface of a porous electrode, the rate of transport of dissolved gas by molecular diffusion is less than the rate of gas formation, resulting in bubble nucleation within pores. Gas bubble formation within pores is problematic for gas evolution, since bubble growth forces electrolyte out of the pores, and restricts ionic transport into the interior surface. The zone for gas evolution at high rate ~ is, therefore, only the exterior macroporous region of the electrode, with the interior microporous surface either 11 dry 11 or ionically isolated from the bulk electrolyte. Gas bubble formation inside the catalyzed carbon electrode would, in this physical scheme, protect the microprous interior of the carbon from anodic dissolution, accounting for the sharp decrease in corrosion rate above a critical potential. The difficulty with this explanation, however, is that this .. area effect 11 due to gas bubble formation would produce a decrease on both the oxygen evolution rate and the corrosion rate, unless gas evolution occurs predominantly from the exterior surface of the electrode at all potentials.
Experimentally, the oxygen evolution rate was observed to increase monotonically with potential over the range where the corrosion rate dropped dramatically. It seems unlikely that gas evolution would occur nearly exclusively from the exterior surface at all potentials (and rates) ·so that this explanation seems unlikely.
There are two alternative mechanisms we can advance to explain the sharp maximum in the carbon corrosion rate. The first, which we consider the most likely, is related to the redox mechanism for the catalytic effect of NiO and Co 3 o 4 on carbon corrosion {shown in Fig. 6 for the case of Co 3 o 4 ). The redox mechanism can function only when the local (carbon sites) potential is below the reduction potential for the higher valent state of the metal ion, Co (III) or Ni(III). There will be an anodic limit to this process, above which the ionic shuttle will stop and the carbon corrosion rate will drop towards the rate for uncatalyzed carbon. The second alternative mechanism is also related to the valence state of the oxide. It may be that the catalytic effect of the NiO and/or Co 3 o 4 occurs when the oxide is in a certain characteristic valence state, probably the divalent state, and that the catalysis is turned off when the oxide reverts to the higher valent state at a critical anodic potential,
i.e. the oxide is "passivated" for this particular reaction.
However, none of the three explanations we have suggested for the corrosion rate maxima in NiO and/or Co 3 o 4 catalyzed acetylene black have any independent evidence to support their validity. Also, we were unable to determine the mechanism by which the other oxides catalyze the corrosion processes of this carbon black. ... 
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FIGURE CAPTIONS
TEM of chromium oxide catalyzed acetylene black.
Total anodic currents~ partial anodic currents for oxygen and carbon monoxide and total corrosion currents for the.NiO and Co30 4 catalyzed carbon. ...... 
